A soybean mutant displaying chicken toes-like leaves and petalody flowers was identified as being caused by a single recessive gene, termed ctp. Using heterozygous-inbred recombinants, this gene was fine-mapped to a 37-kb region harbouring three predicted genes on chromosome 5. The gene Glyma05g022400.1 was detected to have a 33-bp deletion in its first exon that was responsible for ctp. Validation for this gene was provided by the fact that the 33-bp deletion-derived marker I2 completely co-segregated with the phenotypes of 96 F 10 -derived residual heterozygous lines and 2200 fine-mapping individuals, and by the fact that the orthologue NbCTP in Nicotiana benthamiana also influenced leaf and flower development under virus-induced gene silencing. In terms of characterization, the CTPs shared highly conserved domains specifically in higher plants, GmCTP was alternatively spliced, and it was expressed in multiple organs, especially in lateral meristems. GmCTP was localized to the nucleus and other regions and performed transcriptional activity. In ctp, the expression levels and splicing patterns were dramatically disrupted, and many key regulators in leaf and/or floral developmental pathways were interrupted. Thus, CTP is a novel and critical pleiotropic regulator of leaf and flower development that participates in multiple regulation pathways, and may play key roles in lateral organ differentiation as a putative novel transcription regulator.
Introduction
The leaf is one of the most important lateral organs of plants, as it is a major component of the plant architecture and an interface for light capture, gas exchange, and thermoregulation . For crops, the leaves are the primary source of photoassimilates, and their shape is one of the most important characteristics of plant architecture. A recent study demonstrated that the STENOFOLIA (STF) gene in Medicago improves the biomass yield of grass crops (Wang et al., 2017) , which highlights the importance of the molecular mechanisms regulating leaf development. The flower, another plant lateral organ, is the reproductive organ and makes angiosperms the most completely developed plants on land, and it directly produces seeds in crops.
In 1790, Goethe hypothesized that each floral organ represents a modified leaf (Pelaz et al., 2000) . Subsequently, the phenomenon that floral organs can turn into leaf-like structures when the homeotic genes that control their development are mutated provided one of the strongest pieces of molecular evidence for this hypothesis (Bowman et al., 1993) . Both of these important lateral organs, the leaf and the flower, are generated continuously from a population of stem cells at the shoot apex. A number of studies have suggested that a single mutation can result in pleiotropic effects on the leaf and flower. The KNOTTED-LIKE HOMEODOMAIN (KNOX) genes are known to be the key regulators for maintaining the function of the shoot apical meristem (SAM) (Hay and Tsiantis, 2009) , for regulating leaf morphogenesis (Vollbrecht et al., 1991; Smith et al., 1992; Sinha et al., 1993; Lincoln et al., 1994; Chuck et al., 1996; Long et al., 1996; Kerstetter et al., 1997; Ramirez et al., 2009; Shani et al., 2009) , and for regulating flower development (Müller et al., 1995; Golz et al., 2002; Chatterjee et al., 2011) . The KNOX repressor ASYMMETRIC LEAVES1/ROUGH SHEATH2/ PHANTASTICA (ARP) proteins, which are required for the down-regulation of KNOX in leaves (Byrne et al., 2000; Ori et al., 2000) , have also proved to be functional during the development of floral organs (Waites and Hudson, 1995; Schneeberger et al., 1998; Waites et al., 1998; Tsiantis et al., 1999; Xu et al., 2003; Tattersall et al., 2005) .
During leaf development, polar asymmetric growth and lateral expansion form a leaf lamina along three axes, namely the adaxial-abaxial, the medial-lateral, and the proximal-distal. The most well-known regulator of proximal-distal axis polarity are the KNOX genes (Ramirez et al., 2009) . The adaxial-abaxial polarity is established through mutual antagonistic interactions between adaxial and abaxial determinants. KANADI (KAN) is a key abaxial determinant acting antagonistically to the adaxial determinants HD-ZIP III (class III homeodomain zipper) and AS1-AS2 (ASYMMETRIC LEAVES), and represses adaxialization in the abaxial side (Emery et al., 2003; Wu et al., 2008) . At the same time, KAN also positively regulates the expression of the YABBY (YAB) gene, an abaxial determinant, which in turn promotes the expression of KAN in a feedback loop (Moon and Hake, 2011; Bonaccorso et al., 2012) . In the establishment of mediallateral axis polarity, the key determinants include YABBY (Dkhar and Pareek, 2014) and the WUS-related homeobox (WOX) gene family (Scanlon et al., 1996; McHale and Marcotrigiano, 1998; Nardmann et al., 2004; Tadege et al., 2011; Cho et al., 2013) . Remarkably, in addition to KNOX and AS, the KAN, YAB, and WOX genes are also all involved in floral organ development (Sawa et al., 1999; Kerstetter et al., 2001; Lin et al., 2013) .
The hormone auxin plays important roles in both leaf and flower initiation and morphogenesis as well (Cheng et al., 2006; Martinez et al., 2016) . Any interference in the regulation of the auxin metabolism pathway may cause a certain degree of variation in leaf and/or flower development. Examples that may cause interference include the IAA biosynthesis genes YUCCA (YUC) and TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA) (Won et al., 2011) , the polar transport carrier PIN1 (Heisler et al., 2005) , the inhibitor N-1-naphthylphthalamic acid (NPA) (Scanlon, 2003) , the AUXIN RESPONSE FACTORs (ARFs) (Pekker et al., 2005) , the auxin degradation-related gene DIOXYGENASE FOR AUXIN OXIDATION (DAO) , and auxin defects (Cecchetti et al., 2008; Sassi and Vernoux, 2013 ).
An accumulation of evidence has suggested that the processes regulating the development of leaves and flowers have an intimate relationship. However, the molecular and genetic mechanisms of the developmental relationship between these organs are still elusive; more unknown potential regulators remain to be explored.
When plants develop into the reproductive phase, floral initiation is induced by a florigen signal produced by the leaves (Zeevaart, 2008) . The mechanisms of flower development and morphogenesis have been well described by the ABC(DE) model (Bowman et al., 1991; Coen and Meyerowitz, 1991; Colombo et al., 1995; Pelaz et al., 2000; Theissen, 2001 ). In this model, the A-class genes (APETALA1 and APETALA2, AP1/AP2) specify sepal identity in the first whorl. The A-and B-class genes (APETALA3 and PISTILLATA, AP3/PI) specify petal identity in the second whorl. The B-and C-class gene (AGAMOUS, AG) specify stamen identity in the third whorl. The C-class genes can also specify carpel identity in the fourth whorl. The D-class gene SEEDSTICK (STK) is involved in ovule development redundantly with the C-and the E-class genes SEPALLATA1/2/3 (SEP1/2/3), which are also required for the activities of the B and C organ-identity genes (Honma and Goto, 2001; Theissen and Saedler, 2001) . Most of these genes encode MADS-box transcription factors and have been shown to regulate homeotic transformations in floral organs (Coen and Meyerowitz, 1991; Pelaz et al., 2000; Theissen and Saedler, 2001; Pinyopich et al., 2003) .
In our previous study, Zhao and Gai (2005) found a soybean (Glycine max) mutant that developed abnormal leaves and flowers. Compared with other lateral organ mutants, especially those with narrow leaves (defective in leaf expansion; Supplementary Table S1 at JXB online), this mutant had more severely defective phenotypes besides the leaf, most notably with its petalody flowers representing male and female sterility. In the present study, we further show that the corresponding phenotypes of the mutant are controlled by a single Mendelian gene, termed ctp or GmCTP/Glyma05g022400.1, which encodes a protein with no annotation. The CTP proteins have conserved domains in higher plants, and its orthologue NbCTP in Nicotiana benthamiana is shown to have similar functions in controlling leaf and floral organ development simultaneously. GmCTP is localized to the nucleus and other regions and displays some transcriptional activity, and the mutation in Gmctp disturbs multiple pathways in the developmental molecular networks of the leaves and flowers. Consequently, our results may further enhance the understanding of leaf and flower development and the subtle connection between these two processes.
Materials and methods
Plant material ctp is a spontaneous soybean mutant (NJS-10H) that was found in an experimental field by Zhao and Gai (2005) . It was maintained by using heterozygous plants in the segregating lines because of male and female sterility of the homozygous mutant plants. A pair of near-isogenic lines (NILs, NIL-WT and NIL-MT) of the F 11 generation was constructed through selfing to advance generations. In addition, the Arabidopsis thaliana accession Col-0 was used for protoplast preparation, and its growth conditions were as described by Cui et al. (2013) .
Microscopy analysis
The NILs were used for microscopic observations. For paraffin sectioning, the leaves were fixed in formalin-acetic acid-alcohol (FAA) solution, and then treated as described by Lin et al. (2009) . For scanning electron microscopy (SEM) analysis, the leaf samples were treated as described by Eshed et al. (1999) .
Inheritance and mapping of CTP For analysis of Mendelian inheritance, we constructed F 2 populations from four crosses with the heterozygous plants of CTP/ctp as the male parent and four cultivars NN1138-2, Williams 82 (W82), KeFeng-1 (KF-1), and NJCMS1B (N2899) as the female parents (Table 1 ; hereafter the crosses are referred to as 1138ctp, W82ctp, KFctp, and N2899ctp). We selected the F 1 heterozygous CTP/ ctp plants, whose F 2 progenies could generate ctp mutants, as the effective hybrids in this study. The F 2 populations were also used for mapping the CTP locus. A total of 1032 SSR (simple sequence repeat) markers were used to screen the markers linked to the ctp locus. A total of 352 recessive mutant (ctp) plants (Table 1) of the four F 2 populations were used for preliminary mapping. For fine-mapping, we selected a total of 2200 F 3 ctp plants (594 from 1138ctp, 356 from KFctp, 335 from N2899ctp, 915 from W82ctp; see Results) derived from the F 2 heterozygous-inbred recombinant plants that were heterozygous on two markers, namely S5 (BARCSOYSSR_05_0005) and S112 (BARCSOYSSR_05_0112) in 1138ctp, S6 (BARCSOYSSR_05_0006) and S124 (BARCSOYSSR_05_0124) in KFctp, S6 (BARCSOYSSR_05_0006) and S102 (BARCSOYSSR_05_0102) in N2899ctp, and S5 (BARCSOYSSR_05_0005) and S97 (BARCSOYSSR_05_0097) in W82ctp. The markers used here were selected from Song et al. (2010) or designed based on the reference genome sequence of the Williams 82 cultivar. For genotyping and gene cloning, the leaf tissues were collected to extract the genomic DNA as described by Doyle and Doyle (1990) . Samples of 20 ng and 100 ng DNA were used in 10 μl and 50 μl PCR systems for marker genotyping and genome sequence cloning, respectively. The primers used for fine-mapping are listed in Supplementary Table S2 . The detailed mapping and cloning processes are incorporated in the Results section below.
TA cloning and sequencing PCR reactions were performed with KOD-plus-neo polymerase (TOYOBO, Code: KOD-401). The PCR products were purified using an Axygen Kit (AP-GX-250) and then cloned into the pGEM-T easy vector (Promega, A1360). The alignments of the nucleotide sequences were performed using ClustalW implemented in BioEdit. The primers used for PCR amplification are listed in Supplementary  Table S3 .
Genotype-phenotype co-segregation analysis A total of 96 residual heterozygote-derived individuals and their derived lines [which were obtained randomly from an F 10 -derived residual heterozygous line (RHL) population] were used for cosegregation analysis between the InDel marker I2, which represents the candidate gene genotypes that are defined as built-in gene markers, and the mutant vs. wild phenotypes using the χ 2 criterion (Supplementary Table S6 ). In addition, 2200 recessive homozygote individuals used for fine-mapping were also genotyped with the I2 marker. The primers of the I2 marker (Supplementary Table  S3 ) were designed according to the 33-bp deletion in ctp, and the predicted PCR products were 347 bp and 314 bp in wild-type and mutant leaves, respectively.
TRV-mediated VIGS in Nicotiana benthamiana
For the TRV-VIGS (Tobacco rattle virus-based virus-induced gene silencing) assay, the pTRV1 and pTRV2 silencing vectors were kindly provided by Professor S. P. Dinesh-Kumar (UCDavis, USA). The orthologues of GmCTP in Nicotiana tabacum were obtained by BLAST-N searches in NCBI (www.ncbi.nlm.nih.gov). The test steps, including Agrobacterium growth, infiltration, and transformation, were performed as described by Bachan and Dinesh-Kumar (2012) . The primers used for amplifying the fragment of NbCTP are listed in Supplementary Table S5 .
RNA isolation and quantitative real-time PCR
Total RNAs of different soybean lines and tissues were isolated using the RNA prep pure plant kit (TIANGEN DP-432). Quantitative real-time PCR (qRT-PCR) was performed on a Roche 480 PCR system using SYBR Premix EX Taq (TaKaRa, RR420A) with three biological repeats. The Soybean CYP2 gene (Funatsuki et al., 2014) served as an internal control for the qRT-PCR analysis. The primers are listed in Supplementary Table S4 .
Phylogenetic analysis
Homologous protein sequences were acquired using BLAST in NCBI (https://blast.ncbi.nlm.nih.gov/Blast. cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_ LOC=blasthome). Multiple sequence alignments were conducted using DNAMAN. The alignment results were saved as FASTA files and used for phylogenetic tree construction by the MEGA 5.1 software. The tree was constructed using the neighbourhood method based on the Jones-Taylor-Thornton matrix-based model with the lowest Bayesian Information Criterion scores (Jones et al., 1992; Tamura et al., 2011) .
Subcellular localization
The CTP and ctp coding sequences without the termination codons were cloned into pMDC83 to generate CTP-GFP (green fluorescent protein) and ctp-GFP fusions. The recombinant vectors were introduced into Agrobacterium tumefaciens strain GV3101 and then injected into the leaves of N. benthamiana or transformed into Arabidopsis protoplasts. The protoplast transformation was performed as described by Yoo et al. (2007) . The leaf injection in N. benthamiana was the same as that performed in the TRV-mediated VIGS. The primers are listed in Supplementary Table S5 .
Transcriptional activity analysis
The transcriptional activities of the two proteins GmCTP and Gmctp were analysed using the dual-luciferase reporter (DLR) system. The firefly luciferase gene was used as the reporter, driven by the minimal TATA box of the 35S promoter followed by five GAL4 binding elements. The coding sequences of the two transcripts, CTP and ctp, were amplified from wild-type soybean NN1138-2 and ctp mutants, respectively, and the primers are listed in Supplementary  Table S5 . Then, the purified segments of the PCR products were fused to the yeast GAL4 DNA-binding domain as effectors. The Renilla luciferase gene driven by CaMV 35S was used as an internal control. The methods used for transfection in the Arabidopsis protoplast were described previously by Hao et al. (2011) and Yoo et al. (2007) .
Results

The ctp mutant displays multiple defects during leaf and flower development
There were no significant differences in mature plant height and leaflet length between the ctp mutant and wild-type plants; however, the leaf width, leaf-shape index, and leaf area of the ctp mutant decreased dramatically (Fig. 1 ). The leaflet shape became very narrow, and the trifoliate leaves displayed a chicken toes-like appearance (Fig. 1B) . In addition, the stem diameter of the mutant decreased, while its branch number increased (Fig. 1A, H) . The phenotypic mutation of ctp could be seen about 5 d after emergence (Fig. 1C) , and it became very clear when the first true leaves fully expanded (Fig. 1D ). The SEM observations showed that the ctp epidermal cells were uniformly larger but lost their natural regularity compared with the wild-type cells on both the abaxial and adaxial sides of the leaf (Fig. 1E, F) . The paraffin section observations indicated that the mutant leaflets were significantly thicker than the wild-type, and the natural regularity of the palisade/spongy tissue cells was also lost, with a sparser arrangement becoming apparent (Fig. 1G) .
In addition to the chicken toes-like leaf shape, the floral organs of the ctp mutant also showed dramatic variation in petalody (Fig. 2) . The number of petals increased, and the morphological characteristics and positions of the standard, wing, and keel petals all became weakened and disordered ( Fig. 2A, B) . Furthermore, the sepals were always fused to the petals, forming wing-like shapes ( Supplementary Fig. S1A ), and we also found that some keel-like petals appeared from the position of the filament in normal flowers (Fig. S1C ).
In the third whorl of the mutant flowers, the stamen number decreased and the anther was severely impaired, even to the point of there being no anther (Fig. 2C , Supplementary  Fig. S1B, C) . Some abnormal two-headed stigmas were also observed (Fig. S1D) . Overall, relative to the classical model of flower development in dicotyledons, all four whorls of the floral organs in the ctp mutant were deformed and displayed obvious petalody.
To test the fertility of ctp plants, we made crosses between the mutant and four wild-type soybean varieties, namely NanNong1138-2, Williams 82, KeFeng-1, and NJCMS1B. The results showed that neither ctp as the male nor the female parent could produce any seeds (data not shown), indicating that the mutant displayed male and female sterility simultaneously. Thus, we speculated that in addition to the defects in the stamens, the carpel of the ctp mutant was also abnormal. To test this hypothesis, SEM observations were performed to investigate the carpel structures. We found that the ctp stigma cell surface appeared abnormal before blossoming (Fig. 2D) , which may prevent adhesion of pollen grains to the stigma. At the time of pollination, no germinated pollen was observed on the stigma of ctp mutant plants (Fig. 2E) .
Taken together, these severe defects in leaf and flower morphogenesis of the mutant suggested that the ctp locus confers control over leaf and floral organ development.
Inheritance, fine-mapping and cloning of CTP
To determine the inheritance of ctp, we conducted a genetic analysis using the four F 2 and their F 2:3 populations, as described in the Methods section. The results showed that all phenotypes appeared simultaneously in mutant plants without exception in all four F 2 and F 2:3 populations. Each F 2 population fitted an expected 3:1 phenotypic segregation ratio of wild-type to mutant, and in each F 2:3 population the wild-type non-segregating and segregating lines fitted a genotypic 1:2 ratio (Table 1 ). The data also fitted a 3:1 phenotypic ratio in a F 9:10 population from the residual heterozygous lines of NJS-10H (Table 1) . Thus, we concluded that the mutant phenotypes were controlled by a single recessive gene.
To isolate the CTP gene, map-based cloning was performed. First, a total of 469 polymorphic SSR markers were used to screen markers linked to ctp using 10 recessive homozygous mutants randomly selected from the N2899ctp F 2 plants. We found that three SSR markers on the linkage group A1 (chromosome 5) linked to ctp, namely Sat_368 (BARCSOYSSR_05_0149), Sat_137 (BARCSOYSSR_05_0046), and Satt684 (BARCSOYSSR_05_0085) (Supplementary Table S2 ). This result was confirmed in the other three F 2 populations. Next, 52 SSR markers in this region were selected and three new ones were designed using the SSR Hunter software (Li and Wan, 2005) (Supplementary Table S2 ) to map the CTP locus using 352 recessive mutant plants of the F 2 populations. The CTP locus was mapped into regions with conserved intervals in the four F 2 populations (Fig. 3A) . Then, 55 SSR, two InDel, and one derived cleaved amplified polymorphism sequences (dCAPS) markers (Supplementary Table S2) were used for fine-mapping of the CTP locus in 2200 F 3 recessive mutant plants, which were selected as described in the Methods. Finally, the CTP locus was narrowed to a 37-kb region between the InDel marker I1 and the dCAPS marker D1 (Fig. 3A, Supplementary Table S2 ).
There are three genes (Glyma.05G022200, Glyma.05G022300, and Glyma05g022400) predicted by Phytozome (http://phytozome.jgi.doe.gov/pz/portal.html) in the 37-kb region (Fig. 3A) . We determined the whole-genome sequences of the three predicted genes, including -2500 bp promoter regions, in the NILs and only Glyma05g022400.1 showed a difference in its coding region between NIL-WT and NIL-MT. NIL-MT had a 33-bp deletion, resulting in an 11-amino-acid deletion in the Glyma05g022400.1 protein, which was predicted to not produce a frameshift mutation ( Supplementary Fig. S2 ). Sequencing of the coding region of Glyma05g022400.1 in 10 independent mutant individuals from the F 2:3 mapping population showed the same deletion (data not shown). Thus, Glyma05g022400.1 was proposed to be the candidate gene for CTP. The gene contains eight exons and seven introns (Fig. 3B) , and the 33-bp deletion in the ctp mutant occurs in the first exon.
To help determine whether Glyma05g022400.1 is indeed the CTP/ctp gene, an expression analysis was performed. We compared the expression levels of the three predicted genes between the NILs in shoot apical meristems (SAMs), axillary buds (AB), young roots (YR), stems, leaves and flowers. The results showed that the expression of Glyma05g022400.1 in NIL-MT was uniformly and significantly down-regulated compared with NIL-WT in all these tissues, while the other two candidate genes showed inconsistent trends in variation across the tissues (Fig. 4, Supplementary Fig. S3 ). In addition, the expression of Glyma05g022400.1 in the leaf and flower tissues of the mutant were clearly low. These results suggested that the 33-bp deletion in NIL-MT resulted in dramatic variation in the expression of the candidate gene Glyma05g022400.1, which may be the main reason for the seriously impaired phenotypes observed in the leaves and flowers of the ctp mutant.
Validation of the function of the candidate gene
To validate the function of the Glyma05g022400.1 gene, two genetic experiments were designed. First, complete co-segregations between the phenotypes and the marker I2 were performed, having initially detected the I2 genotypes of the parents of the four crosses with different genetic backgrounds. The results showed that the predicted 347-bp band was present in all of the four female parents and in the wild-type phenotype plants that were generated from the male parent. The predicted 314-bp band was present in the mutant plants, and both the 347-bp and the 314-bp bands appeared in the plants with the wild-type phenotype but which genotyped as heterozygote (Fig. 5A) . Co-segregation analysis was then performed using two populations, as follows. One was a RHL population that consisted of 96 residual heterozygote-derived individuals (F 10 ), the results showed that the 314-bp and 347-bp bands were present, respectively, in the mutant-type plants and the homozygous wild-type plants (their progenies all showed the wild phenotype without segregation); and both bands were present in the heterozygous individuals, which had both mutant and wild-type phenotypes in their derived lines (Fig. 5B) . Thus a complete co-segregation between the genotypes of the I2 marker (in Glyma05g022400) and the CTP phenotypes was observed without any recombination happening, with the independent assortment probability as low as 1.43 × 10 -21 (for 3:1 ratio) in the 96 residual heterozygote-derived individuals (Supplementary Table S6 ). The second population was the fine-mapping materials, which included 2200 recessive homozygote individuals all performed the mutant phenotype (Fig. 3) . The results from these two populations both showed that the Glyma05g022400 genotype completely co-segregated with the plant phenotype.
Second, as the expression analysis indicated that the decreased expression of the CTP gene may be responsible for the impaired phenotypes in the leaf and flower in the ctp mutant, we hypothesized that the silencing of CTP would result in the ctp phenotype. Using phylogenetic analysis, we found that the two proteins GmCTP in soybean and NtCTP (XP_016477546) in the dicotyledonous model plant Nicotiana tabacum showed high sequence similarity (55%) and close locations in the phylogenetic tree (Fig. 6 ). It was previously reported that a TRV-VIGS approach could be applied in N. benthamiana (Bachan and Dinesh-Kumar, 2012) . We cloned NbCTP from N. benthamiana and found that the similarity between NtCTP and NbCTP was up to 90% ( Supplementary Fig. S4 ). Therefore, we performed a TRV-VIGS experiment in N. benthamiana to test whether NbCTP had a similar function to GmCTP.
Both the negative and positive control and the pTRV2-Empty and pTRV2-NbPDS vector showed that the VIGS experimental system was efficient and stable (Fig. 7A) . Approximately 2 weeks after the TRV from pTRV2-NbCTP infiltrated, the newly grown leaves displayed obvious abnormal phenotypes (Fig. 7A) . Thereafter, all the later leaves displayed developmental defects to varying degrees with narrower and curled leaf shapes (Fig. 7B, C) . At the flowering stage, the petal shape became narrower and the number of petals increased (Fig. 7D ). In addition, abnormal flower pollen could not be dyed with 1% KI-I 2 (Fig. 7E ) and could not produce any seeds (data not show). A semi-quantitative RT-PCR analysis showed that the NbCTP gene was downregulated in both the leaves and flowers of infiltrated plants (Fig. 7F) . These results indicated that the NbCTP gene is closely related to leaf expansion and flower development as well as male and female fertility, and thus the silenced plants displayed highly similar phenotypes to the ctp mutant. In addition, these results also suggested that the function of CTP is highly conserved in the dicot species.
Taken together, the results suggest that the Glyma05g022400 gene corresponds to the CTP/ctp locus, and the function of the CTP gene family is conserved in G. max and N. benthamiana in controlling leaf expansion and flower development.
Thus, we conclude that CTP is a new pleiotropic gene that is simultaneously involved in lateral organ development and fertility in dicot species.
CTP is a novel conserved gene expressed in multiple tissues with an unknown function and dramatic alternative splicing patterns
The phylogenetic analysis showed that the CTP proteins are conserved in mosses, ferns, gymnosperms, and angiosperms, including monocots and dicots (Fig. 6B) , and the similarity in dicots was ~60% (Supplementary Fig. S5 ). However, there is no annotated function for the conserved domains of this gene family. Because of the serious defects in the ctp mutants, we inferred that the CTP conserved domains may have some impaired elements. As expected, the protein sequence alignment analysis showed that a conserved proline in the C-terminal region of CTP was deleted in the ctp mutant protein (Fig. 6A ). This suggests that the conserved motifs and domains are important for CTP gene function. Surprisingly, we found that the GmCTP gene had a dramatic alternative splicing (AS) pattern when we isolated the CTP coding sequence from the cDNA library. To quantify the levels of the different transcripts, TA cloning and monoclonal sequencing experiments were performed, in which 44 clones were randomly selected and sequenced from the wildtype library. The results showed that the GmCTP gene had ten AS patterns, and the expression levels of each pattern varied significantly ( Supplementary Fig. S6A, B) . To test whether the ctp mutation affected the gene splicing patterns, the same clones from the mutant library were analysed. In contrast to the wild-type, the ctp mutant only presented six AS patterns ( Supplementary Fig. S6C, D) , and they were not all the same between wild-type and mutant plants. Only two patterns (W1/M1 and W2/M2) were present in both wild-type and mutants ( Supplementary Fig. S6 A, C) . This result indicated that the splicing patterns of the ctp gene were notably affected by the 33-bp deletion. Although the mutation led to dramatic variations in the AS patterns, the two most abundant splicing patterns were present in both wild-type and mutant plants.
Real-time quantitative PCR showed that CTP was universally expressed across the tissues examined during various developmental stages (Fig. 8) . It was predominantly expressed in young roots, axillary buds, and leaves.
CTP mainly localizes in the nucleus and has transcriptional activity
To determine the subcellular localization of GmCTP, we fused the protein with eGFP on the C-terminus and expressed it in Arabidopsis protoplasts. The results showed that the CTP protein localized to the nucleus and to other regions (Fig. 9A) , and the mutation did not influence the subcellular localization of Gmctp (Supplementary Fig. S7 ). This result was further confirmed in N. benthamiana leaf mesophyll cells (Fig. 9B) . A co-localization analysis showed that the CTP that was localized to the nucleus completely co-localized with the AtJAG protein (Fig. 9C ), which has previously been shown to be an important transcription factor in Arabidopsis (Dinneny et al., 2004; Ohno et al., 2004) . These results led us speculate that the CTP protein may act as a transcription regulator. To validate this, we tested its transcriptional activity using the DLR assay system (Fig. 10A) , and the results showed that CTP has medium transcriptional activation ability (Fig. 10B) . To test whether the 11-amino acid deletion in the ctp mutant influenced the protein's transcriptional activation ability, we also constructed a vector harbouring the ctp-BD (binding domain) fused protein cassette. The results showed that the activation activity of the ctp protein was reduced to some extent compared to that of wild-type CTP (Fig. 10B) . From these results, we propose that CTP is a new putative transcriptional activator, and its activation ability can be influenced by its C-terminal motif.
CTP is a key regulator of both the leaf and flower developmental pathways
Based on the dramatic mutant phenotypes of the ctp leaves and flowers and the finding that CTP acted as a transcription regulator, we speculated that CTP may play a pivotal role in the regulation network of lateral organ development. Lateral organs are initiated from the periphery of the SAM and correspond to the sites of elevated auxin activity (Scarpella et al., 2010) . Some auxin-related mutants also display defective lateral organ phenotypes (Fujino et al., 2008; Stepanova et al., 2008; Zhao et al., 2013; Martinez et al., 2016 ). Therefore, we tested whether the ctp mutation influenced the expression of auxin pathway genes. A qRT-PCR analysis showed that the relative expression levels of most of the 21 genes that we detected were significantly modified in both leaf and flower tissues ( Supplementary  Fig. S8 ). Overall, the trends of altered gene expression in the leaves and flowers were opposite, with some notable exceptions. Most of the leaf-related genes were up-regulated while most of the flower genes were down-regulated in NIL-MT ( Supplementary Fig. S8) . Notably, YUC2, TAA1, ABP1, ABCB1, PIN1, and ARF6 had the same modified gene expression trends in both leaves and flowers. The expressions of YUC2, TAA1, and ABP1 were down-regulated and those of ABCB1, PIN1, and ARF6 were up-regulated. The results suggested that the CTP gene is closely involved in regulating the auxin signalling pathway.
KNOX and WOX genes are two major regulators involved in lateral organ development, and both in turn can be regulated by the YAB gene, which acts as another key regulator in this process (Dkhar and Pareek, 2014) . To determine whether these pathways were influenced by the ctp mutation, we compared their expression levels between NIL-MT and NIL-WT. The qRT-PCR analysis showed that, for the KNOX genes, four were significantly up-regulated in NIL-MT leaves compared with NIL-WT, but another KNOX gene, GmSTM, could not be detected in the NIL-MT (ctp) leaves although its expression level in flowers was significantly increased (Fig. 11A) . At the same time, the expression of the GmWOX1/STF was down-regulated, and GmWOX3/PRS was up-regulated in the leaf, and the levels in the flower were the opposite (Fig. 11 B) . Furthermore, the expression of YAB4 was significantly decreased in NIL-MT leaves (Fig. 11A) , while YAB1 and YAB4 were significantly up-regulated in NIL-MT flowers (Fig. 11B) . These results suggested that CTP was required for the normal expression of these three key regulators, which are involved in lateral organ development.
To examine the potential function of CTP in the networks related to these regulators, we further analysed other Gene, CTP and ctp; 35S, CaMV 35S promoter; Nos, nopaline synthase terminator; R-LUC, Renilla luciferase; F-LUC, firefly luciferase; GAL4-BD, the empty control for this system, which has basic expression under the 35S promoter; GAL4 DBD, GAL4 DNA binding domain. GAL4-BD-CTP/ctp indicates the fusion protein of BD and CTP/ctp; GAL4-BD-VP16, indicates the positive control of the system, which has stronger transcriptional activity; F/R LUC, the ratio of the firefly and Renilla luciferase activities. Values are means ± SD (n=3).
key regulators. It has been reported that ASYMMETRIC LEAVES2 (AS2) is required for the repression of KNOX genes in the leaf (Lin et al., 2003) and for normal flower development (Waites et al., 1998) . From our results, the expression of KNOX was significantly up-regulated, so we determined whether the expression of AS also changed. To our surprise, compared with the wild-type leaf, both AS1 and AS2 expression displayed no significant changes in NIL-MT leaves (Fig. 11A) ; however, their expressions were up-regulated in the flowers (Fig. 11B) . In addition, KAN also acts as a key regulator in leaf development and is upstream of YAB in the regulatory pathway (Moon and Hake, 2011) , and kan mutants display floral organ defects (Kerstetter et al., 2001) . Here, we found that KAN1 was up-regulated in NIL-MT leaves and flowers (Fig. 11A, B) . These results suggested that CTP may act upstream of KAN1 in regulating lateral organ development.
Because all the flower whorls of the ctp mutant displayed abnormal structures, and to investigate whether the ctp mutation led to altered expression of the A/B/C/D/E-class genes, we compared their expression levels between NIL-MT and NIL-WT. Surprisingly, all of the A/B/C/D/E-class genes were down-regulated in NIL-MT, especially the B-class gene PI, which is involved simultaneously in the development of the petals and stamens (Krizek and Meyerowitz, 1996) (Fig. 11C) . These results indicated that CTP is required for normal expression of the A/B/C/D/E-class genes and may act upstream of them.
To summarize, both leaf and flower developmental pathways were notably disturbed by the 33-bp deletion in the ctp mutant. The results suggested that CTP is a key regulator conferring control over leaf and flower morphogenesis, and may involve multiple putative regulation pathways, such as auxin, KNOX, WOX, YAB, AS, KAN, and A/B/C/D/E pathways.
Discussion
In this study, a new pleiotropic gene, CTP, which is involved in leaf and flower development, was identified in soybean. Its function was conserved in Nicotiana benthamiana and other higher plants, and it acted as a transcriptional activator. We examined some characteristics of CTP to obtain more information on the regulatory networks affecting leaves and flowers during major lateral organ development.
The leaf and flower developmental networks in which CTP is possibly involved
A number of mutants with impaired phenotypes in the leaves and/or flowers have been identified, and genetic control models incorporating regulators for lateral organ development have been developed (Braybrook and Kuhlemeier, 2010; Hasson et al., 2010; Moon and Hake, 2011; Byrne, 2012; Bar and Ori, 2014; Sluis and Hake, 2015) . Although the ctp mutant showed similarities with some phenotypes of previously reported mutants, the CTP gene does not belong to any type of the previously found regulators, but it may participate in some of the regulatory pathways. The stf mutant, with narrow leaves and female sterility in Medicago truncatula, displays strikingly similar phenotypes to the ctp mutant. The results of the qRT-PCR analysis showed that GmWOX1 and GmWOX3 both have significant variation in expression between NIL-MT and NIL-WT in the leaf and flower tissues (Fig. 11A, B) , suggesting that CTP is required in the WOX pathway to regulate lateral organ development. It has been demonstrated that WOX1 and PRS can be up-regulated by FIL (filamentous flower) and its homologue in Arabidopsis (Nakata et al., 2012) . Combining this with our finding that the YAB4 were down-regulated in the ctp mutant leaf, we infer that CTP may regulate WOX1 via the YAB gene(s) in leaf development (Supplementary Fig. S9 ). Given the great influence of STF in improving yields in the grass crops and the high conservation between these two leguminous species, Medicago and soybean, we suggest that CTP may have a similar potential to influence crop breeding.
The stm-2 mutant in Arabidopsis also displays highly similar flower phenotypes with the ctp mutant, such as the variation in petal numbers, the absence of carpels, and female sterility (Clark et al., 1996) . Recently, the KNOX gene family was shown to play key roles in lateral organ development and it can alter tissue cell polarity and identity when expressed ectopically (Richardson et al., 2016) . Our results showed that, compared with NIL-WT, the expression levels of GmKNOX1/2/3/4 were all up-regulated in ctp leaves, whereas there was no change in flowers. This indicates that CTP acts upstream of KNOX in controlling leaf development. In addition, we found that GmSTM was up-regulated in the ctp flowers, while expression levels were too low to be detected in the leaves, which is similar to a previous study (Liu et al., 2008) . These results suggest that CTP may act as a repressor of the KNOX genes in lateral organ development. Another previous study demonstrated that the repression of the KNOX genes could be released by a YAB mutation (Kumaran et al., 2002) . In the ctp mutant leaf, the GmYAB gene was notably downregulated. Thus, we envision that the de-repression of KNOX in the ctp leaf may also be induced by the down-regulation of GmYAB (Supplementary Fig. S9 ).
Another characteristic phenotype of ctp was severe defects in the floral organs. While a bioinformatics analysis showed that CTP does not belong to any of the A-E model genes, the qRT-PCR results showed that the expression of all of the A/B/C/D/E-class genes was down-regulated. In addition, the ctp mutant displayed female sterility. The Arabidopsis CTP orthologue AT5G07950 could be expressed in the mature female gametophyte (Wuest et al., 2010) , suggesting that the function of the CTP gene in fertility regulation may be conserved. Combining the variation in the expression of YAB, STM, and AS genes in the ctp mutant, all of the results suggest that GmCTP plays an important role in flower morphogenesis and determination of fertility ( Supplementary Fig. S9 ).
CTPs in plant evolution
The CTP proteins are present only in the land plants. Compared with land plants, the typical features of algae are a lack of root, stem, and leaf tissues. Given the high expression levels of CTP in the roots and leaves (Fig. 8) , all of the phenomena suggest that the CTP gene may have played an important role in the root, stem, and leaf evolution of land plants. Compared with angiosperm flowers, gymnosperm reproductive axes are functionally unisexual (Scutt and Vandenbussche, 2014) . There have been many discussions regarding the evolution of reproductive structures in seed plants, and opinions still vary (Endress, 2011; Carlsbecker et al., 2013; Scutt and Vandenbussche, 2014) . In our study, the first conserved proline amino acid of CTP in the wildtype plants, which was deleted in the ctp mutant displaying floral organ developmental defects and sterility, is absent in gymnosperms but present in angiosperms (Fig. 6A) . This indicates that the conserved proline may have played a key role in CTP function during the floral organ development of angiosperms during seed plant evolution.
The alternative splicing pattern is important for GmCTP gene function
Alternative splicing (AS) greatly expands the transcriptome and proteome diversity in higher eukaryotes (Keren et al., 2010; Nilsen and Graveley, 2010) . It has been shown that AS plays important roles in most plant developmental processes and adaptions to environmental stresses (James et al., 2012; Staiger and Brown, 2013; Filichkin et al., 2015) . Previous studies have shown that more than 63% of multi-exonic genes have undergone AS in soybean (Shen et al., 2014) . Recent studies in Arabidopsis and tomato have suggested that DELAY OF GERMINATION 1 (DOG1) and BRANCHED1a (BRC1a) both have multiple isoforms caused by AS. The presence of two DOG1 isoforms was found to be required for seed dormancy in Arabidopsis; however, the two isoforms of BRC1a have antagonistic functions in tomato (Nakabayashi et al., 2015; Nicolas et al., 2015) . But it should be noted that AS has shown dramatic differences between different species, tissues, and developmental stages. Compared with these two genes, the AS of CTP was much more complicated, and resulted in at least ten isoforms of CTP. Furthermore, we also found that the isoforms in the wild-type and ctp mutants were not all the same. These results imply that the AS of CTP may be involved in its functional pleiotropy. We did not systematically investigate the tissue and developmental stage specificity of AS in CTP. However, the results of the phylogenetic and BlastP analyses suggested that the first exon of GmCTP may play an important role in the function of the gene due to its stability in every transcript isoform.
Based on our results, we conclude that CTP is a new regulator involved in leaf and flower development. However, more in-depth work needs to be done to uncover the molecular mechanisms involved in the regulatory networks, in order to achieve a detailed understanding of its function and role in plant lateral organ development. Although detailed information regarding this new gene family is currently poor, our study has shed light on its basic characteristics. Furthermore, this gene family has also been detected in other metabolic pathways. The Arabidopsis orthologue At5g07950 has notable variation between the C 4 -poor group Flaveria anomala and C 4 -rich group Flaveria ramosissima (Tao et al., 2016) and it was also found to have a significant response to salt stress (Sottosanto et al., 2007) , indicating that it may participate in photosynthesis and stress responses. Thus, further studies should be done to explore the potential multiple functions of the CTP gene family.
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